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Chlorite dismutase (Cld) is a unique heme enzyme catalyzing the conversion of C10,™ to CI™ and O,. Cld
is usually found in perchlorate- or chlorate-reducing bacteria but was also recently identified in a nitrite-
oxidizing bacterium of the genus Nitrospira. Here we characterized a novel Cld-like protein from the chemo-
lithoautotrophic nitrite oxidizer Nitrobacter winogradskyi which is significantly smaller than all previously
known chlorite dismutases. Its three-dimensional (3D) crystal structure revealed a dimer of two identical
subunits, which sharply contrasts with the penta- or hexameric structures of other chlorite dismutases. Despite
a truncated N-terminal domain in each subunit, this novel enzyme turned out to be a highly efficient chlorite
dismutase (K,, = 90 pM; k., = 190 s~ k. /K, = 2.1 X 10° M~"' s~ "), demonstrating a greater structural and
phylogenetic diversity of these enzymes than was previously known. Based on comparative analyses of Cld
sequences and 3D structures, signature amino acid residues that can be employed to assess whether unchar-
acterized Cld-like proteins may have a high chlorite-dismutating activity were identified. Interestingly, proteins
that contain all these signatures and are phylogenetically closely related to the novel-type Cld of N. winograd-

skyi exist in a large number of other microbes, including other nitrite oxidizers.

Perchlorate (ClO, ), chlorate (ClO5 ), and chlorite (ClO, ")
are a serious environmental concern since rising concentrations
of these harmful compounds have been detected in groundwa-
ter, surface waters, and soils (7). While significant natural
sources of perchlorate are restricted to mineral deposits in
Chile, environmental contamination with this compound re-
sults from its extensive use as an oxidizer in pyrotechnics and
rocket fuel and its presence in certain fertilizers (9). Intake of
perchlorate by humans occurs mainly via drinking water, milk,
and certain consumed plants and should be minimized since
this chemical affects hormone production by the thyroid gland
(39). Chlorate and chlorite are used as bleaching agents in the
textile, pulp, and paper industries, as disinfectants and com-
ponents of cleaning solutions, in pesticides, and in some other
applications, such as chemical oxygen generators. Due to its
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oxidative nature, chlorite reacts with organic material and thus
has toxic effects on living cells (44). Interestingly, some micro-
organisms are able to use perchlorate or chlorate [referred to
as (per)chlorate] as terminal electron acceptors for anaerobic
respiration, leading to the reduction of perchlorate to chlorate
and subsequently to chlorite (reviewed by Coates and Achen-
bach [7]). These (per)chlorate-reducing bacteria (PCRB) also
possess the unique enzyme chlorite dismutase (Cld), which
detoxifies chlorite by converting ClIO, ™ to Cl™ and O, (46). In
combination, (per)chlorate reduction to chlorite and the activ-
ity of ClId enable the microbially mediated removal of these
compounds, making bioremediation the primary approach for
the treatment of (per)chlorate contaminations (7).

Until 2008, all isolated PCRB were facultatively anaerobic
or microaerophilic bacteria from different subclasses of the
Proteobacteria. However, the recent description of a novel
member of the genus Moorella (phylum Firmicutes) capable of
(per)chlorate reduction demonstrated phylum-level diversity
of PCRB (2). The detection of Cld activity in cell extracts from
this organism indicated that this enzyme also is not confined to
the Proteobacteria. In the same year, environmental genomics
and heterologous gene expression led to the identification and
validation of a catalytically efficient Cld in the nitrite-oxidizing
bacterium “Candidatus Nitrospira defluvii” (phylum Nitrospi-
rae) (33). This enzyme (referred to as NdCld) is the first char-
acterized Cld from a nonproteobacterial organism. The discov-
ery of NdCId was unexpected, because nitrite-oxidizing
bacteria (NOB) have not been considered relevant for (per)
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FIG. 1. Proposed reaction mechanism of chlorite dismutase starting with the attack of anionic chlorite at ferric heme b. After formation of the
Fe(III)-chlorite complex (not shown), heterolytic cleavage of the O-Cl bond leads to the formation of hypochlorite and the redox intermediate
compound I [oxoiron(IV) porphyrin cation radical]. Finally, upon nucleophilic attack of anionic hypochlorite at the ferryl oxygen, compound I is
reduced to the resting state and dioxygen and chloride are released. In addition, the scheme shows the putative role of conserved Argl27 in the
orientation and stabilization of the substrate and the postulated intermediate(s).

chlorate removal. Phylogenetic analyses made in the same
study (33) showed that many of the sequenced bacterial and
archaeal genomes, including those from several pathogenic
bacteria, encode Cld-like proteins, although most of the re-
spective organisms have never been observed to use (per)chlo-
rate or convert chlorite. Most of these Cld-like proteins have
not been characterized yet, but the enzyme from Thermus
thermophilus was found to have only a very weak chlorite-
degrading activity (12). Consistently, this Cld-like protein is
phylogenetically not closely related to the catalytically efficient
Clds from PCRB and “Ca. Nitrospira defluvii” in phylogenetic
trees (33).

Recently we determined the crystal structure of NdCId and
found a high degree of structural conservation compared to
Clds from the Proteobacteria (22). Cld is a heme enzyme that,
based on the published structural information, consists of five
or six identical subunits (11, 12, 16, 22). Besides its importance
for bioengineering, Cld is extremely interesting from a bio-
chemical perspective. Besides photosystem II and a yet-un-
characterized enzyme of an anaerobic methane-oxidizing bac-
terium (14), ClId is the only known enzyme which efficiently
catalyzes the formation of a covalent O-O bond as its principal
function. A recently proposed reaction mechanism for Cld
(Fig. 1) starts with the cleavage of the CI-O bond at the heme
cofactor to form a ferryl porphyrin radical species (compound
I) and hypochlorite (28). Subsequently, the hypochlorite re-
combines with compound I to form CI™ and O..

In this study, we have addressed the question of whether
yet-uncharacterized Cld-like proteins found in microorganisms
other than the known PCRB and Nitrospira might efficiently
degrade chlorite. For this purpose, we chose to determine the
crystal structure and to analyze biochemical features of a
Cld-like protein from the nitrite oxidizer Nitrobacter winograd-
skyi, which, like “Ca. Nitrospira defluvii,” does not belong to
the functional group of heterotrophic PCRB. This protein
(NwCld) was detected in the sequenced genome of this mi-
crobe (40) and is considerably smaller (183 amino acid resi-
dues) than all functionally validated (i.e., canonical) Clds (251
to 285 residues). Interestingly, NwCld represents a separate
phylogenetic lineage of Cld-like proteins that are all similar in
size and are encoded in the genomes of various Alpha-, Beta-,
Gamma-, and Deltaproteobacteria as well as Cyanobacteria. For
none of the proteins affiliated with this lineage has a chlorite
transforming capability been shown yet. Due to these features,

NwCld is a superb candidate for experimental evaluation of
whether the phylogenetic and structural diversity of active Clds
might be greater than previously anticipated. Our results dem-
onstrate that N. winogradskyi encodes a structurally unusual
and highly active Cld, and thus, they have implications for
future research on the biochemistry of chlorite dismutases and
possibly also for future studies of PCRB in the environment.

MATERIALS AND METHODS

Cloning of NwCld. A DNA fragment containing the full-length coding region
of chlorite dismutase from Nitrobacter winogradskyi (accession no. YP_319047)
was amplified by PCR using the newly designed primers NwCIdF (5'-CGA GCG
CAT ATG ACG TTC ACA GTC TTC ACC-3') and NwCIdR (5'-GCG CGA
GGA TCC CCT ATC GCG CGC GCC AAT CG-3') and N. winogradskyi
genomic DNA as a template. The amplicon was cloned into the expression vector
pET-21b(+) (Merck/Novagen, Darmstadt, Germany) for the subsequent pro-
duction of a C-terminally His-tagged fusion protein.

Heterologous expression and purification of NwCld. Recombinant NwCld was
expressed in Escherichia coli Tuner (DE3) cells (Merck/Novagen) grown in
heme-enriched Luria-Bertani (LB) medium. Briefly, LB medium supplemented
with carbenicillin (100 pg/ml) and hemin (50 pg/ml) was inoculated with a freshly
prepared overnight culture (at a dilution ratio of 1:100). The culture was grown
at 37°C under agitation (220 rpm) until the early stationary phase was reached
(optical density at 600 nm [ODg,] = 1.8). For NwCld expression, isopropyl-p-
D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 mM,
and the temperature as well as the shaker speed were reduced to 20°C and 180
rpm, respectively. After 12 h, the culture was centrifuged and the resulting cell
pellet was either processed immediately or frozen in liquid nitrogen and stored
at —80°C. When needed, cell pellets were resuspended in 50 mM Tris, 300 mM
NaCl, 2% glycerol, and 20 mM imidazole (pH 8.5) supplemented with 1 mM
phenylmethylsulfonylfluoride (PMSF) and 100 pM hemin. The resulting cell
suspension was lysed by sonication and clarified by centrifugation. Subsequently,
the supernatant was loaded onto 20 ml HisTrap FF crude (GE Healthcare,
Vienna, Austria) columns. The eluted proteins were screened by SDS-PAGE,
and fractions containing NwCld were pooled and applied on a HiLoad 26/60
Superdex 200 pg column (GE Healthcare) equilibrated with buffer (50 mM Tris,
150 mM NaCl, pH 8.5). Aliquots of purified protein were concentrated to 11
mg/ml, frozen in liquid nitrogen, and stored at —80°C until further use.

Crystallization of NwCld. Initial screening for suitable crystallization condi-
tions for NwCld was performed at 22°C with commercially available crystalliza-
tion screens, using the sitting-drop vapor diffusion technique and a nanodrop-
dispensing robot (Phoenix RE; Rigaku Europe, Kent, United Kingdom). The
first crystals of NwCld appeared within 1 week in 1.0 M Na,HPO,-NaH,PO,, pH
8.2 (condition no. 55 of the SaltRX crystallization screen; Hampton Research,
Aliso Viejo, CA). After several rounds of optimization trials using the same
aforementioned setup, single, well-diffracting crystals of NwCld were obtained
from 53.6 mM Na,HPO, and 846.4 mM NaH,PO,. Prior to data collection,
crystals were transferred into crystallization solution supplemented with 30%
glycerol and were flash-frozen in liquid nitrogen.

Data collection, processing, and phasing. Diffraction data were collected from
a cube-shaped crystal with approximate dimensions 300 by 200 by 120 pm? at
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TABLE 1. Data collection and refinement statistics for NwCld

Value for NwCld
or identifier”

Parameter

Data collection

Beamline 8 ID14-4 (ESRF)
Wavelength (A) 1.278

Resolution (A) 45.8-2.1 (2.15-2.10)
Space group ... P4,

Unit cell (A)
No. of molecules/AU?
No. of unique reflections

a=b=102.62c = 49.12
2
54,986 (3,612)

No. of total reflections observed............. 2,080,683 (132,332)
Completeness (20).....ceveereeererreererrenencnes 94.0 (83.1)
meas. 0.081 (0.769)

Riperge” seeemeesmemsesssssssssssssssssssssssssssssesens 0.043 (0.007)

Multiplicity 37.8 (36.6)

Ijo(I) 39.38 (7.43)
Phasing

No. of sites 2

Figure of merit acentric (centric) ........... 0.308 (0.176)
Refinement

RerysiRired . 0.191/0.239

RMSD, bonds (A) c.coveeeeerieiereccreneannd 0.012

RMSD, angles (°) 1.314

“ Except where otherwise noted, values in parentheses are for the highest-
resolution shell.
® AU, asymmetric units.

Rues = D1 = (N = D] DIIhkD) — Wl/ZEL(hkn

hkl i hkl i

where [;(hkl) and I(hkl) are the ith and mean measurements of the intensity of
reflection Akl, and N is the redundancy.

 Roae = 2 DJLKD) — Wl/EEL(hkl)

hkl i hkl i
See footnote ¢ for definitions of symbols.
L)RcryslAZ E‘F(] - FcVE(] . .
S Riree is the cross-validation Ry, computed for the test set of reflections
(5%) which are omitted in the refinement process.

ESRF beamline ID14-4 using a 1.278-A wavelength to a maximum resolution of
2.1 A. Four diffraction data sets collected on distinct positions on the same
crystal were integrated and scaled using the software program XDS (20). Data
collection statistics are summarized in Table 1.

The phase problem was solved by single-wavelength anomalous dispersion
(SAD) methodology, exploiting the anomalous signal of iron. Heavy atom
search, SAD phasing, solvent flattening, and autobuilding were carried out using
AutoSol from the PHENIX software suite (1).

Model building, refinement and validation of the structure. The structure of
NwCld was refined using the software programs phenix.refine, of the PHENIX
software package, and TLSMD (1, 35). Manual model building was performed in
the COOT program (13), while validation of the model was done using the
MOLPROBITY program (10). Final refinement statistics are summarized in
Table 1.

Structural analysis and superposition. Structure comparisons and superposi-
tions were performed by using the SSM server (Protein Structure Comparison
service SSM at the European Bioinformatics Institute [EBI]), the software program
SUPERPOSE of the CCP4 package, and the PYMOL program (http://www.pymol
.org) (8, 24). The subunit interface of structures was analyzed using the Protein
Interfaces, Surfaces and Assemblies service (PISA) at the European Bioinformatics
Institute (http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html) (23).

Steady-state kinetics. The chlorite-dismutating activity of NwCld was mea-
sured continuously using a Clark-type oxygen electrode (Oxygraph Plus; Han-
satech Instruments, Norfolk, United Kingdom) inserted into a stirred water bath
kept at 30°C. The electrode was equilibrated to 100% air saturation by bubbling
air to the reaction mixture for at least 15 min and for 0% air saturation by
bubbling with N, for at least 15 min to derive an offset and calibration factor.
Reactions were carried out in O,-free 100 mM phosphate buffer (pH 7.0) with 50
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M to 100 mM NaClO, added from a stock made in the same buffer. Reactions
were started by addition of 20 nM solutions of NwCld. With increasing chlorite
concentrations, irreversible inactivation of NwCld occurred, as was evident with
inspection of individual time traces. Thus, it was important to use only the initial
linear phase for rate calculation and to deduce Michaelis-Menten parameters
from a set of chlorite concentrations below 1 mM. Molecular oxygen production
rates (M O, s~ ') were obtained from initial linear time traces (<10% substrate
consumed) and plotted against chlorite concentrations.

Spectral analysis and heme determination. UV-visible (UV-Vis) spectra were
recorded on a Nanodrop 2000c spectrophotometer (Thermo Scientific, Wal-
tham, MA) at 22°C. Heme type and NwCld:heme b stoichiometry were deter-
mined by the pyridine hemochrome assay (37). In detail, oxidized protein sam-
ples in 50 mM potassium phosphate (pH 7.0) were mixed with pyridine and
NaOH (final concentrations, 20% [vol/vol] pyridine and 0.1 M NaOH). After the
oxidized spectrum was recorded, sodium dithionite was added to a final concen-
tration of 10 mM, the spectrum of the reduced pyridine hemochrome was
recorded, and the difference spectrum was calculated. The heme content was
calculated using the molar extinction coefficient: £4,5 = 191,500 M~ cm™! (37).

Analytical size exclusion chromatography (SEC). To determine the stability of
the NwCld dimer, recombinant protein (4 mg/ml) was diluted to a final concen-
tration of 0.4 mg/ml in 50 mM Tris (pH 8.5) supplemented with 0.1 M, 0.25 M,
1 M, or 2 M NaCl. After incubation for at least 3 h at 4°C, individual protein
samples were applied on an analytical Superdex 75 10/300 column equilibrated
with 50 mM Tris (pH 8.5) containing respective amounts of NaCl. For calculating
the expected elution volume of the NwCld monomer, calibration of the column
was performed for each particular salt concentration by using the LMW gel
filtration calibration kit (GE Healthcare).

Phylogenetic analyses. All phylogenetic analyses were performed by using the
ARB software package (32) and an already existing database of aligned amino
acid sequences of Clds and Cld-like proteins (33). The alignment was manually
refined based on the crystal structures of NwCld (this study), NdCld (22) (PDB:
3NN1, 3NN2, 3NN3, and 3NN4), Cld of Azospira oryzae (AoCld) (PDB: 2VXH),
ClId of Dechloromonas aromatica (DaCld) (PDB: 3DQO08 and 3DQ09), a Cld-like
protein from Geobacillus stearothermophilus (GsCld) (PDB: 1T0T), a Cld-like
protein from Thermoplasma acidophilum (TaCld) (PDB: 3DTZ), and a Cld-
like protein from Thermus thermophilus (TtCld) (PDB: 1VDH). Highly con-
served secondary and tertiary structure motifs were used to identify homol-
ogous residues. Phylogenetic trees were calculated by applying protein
maximum-likelihood (PhyML [17]) and maximum-parsimony (PHYLIP ver-
sion 3.66 with 100 bootstrap iterations) methods, both with the Jones, Taylor,
and Thornton (JTT) substitution model. In total, 243 alignment columns were
used for phylogenetic analysis. To determine the coverage of cld genes by
cld-targeted PCR primer sets, an ARB PT_SERVER database was estab-
lished from the nucleotide gene sequences of the Clds and Cld-like proteins
in the database. Primer sequences were then matched to this PT_SERVER
database by using the ARB probe match tool. All possible sequence permu-
tations of degenerate primers were resolved and matched by using the re-
spective tools of ARB.

Miscellaneous methods. Protein concentrations were determined by UV,g,
absorption. The extinction coefficient was calculated using the ProtParam soft-
ware program (15) and experimentally confirmed by comparison of protein
concentrations determined by this extinction coefficient with those measured by
the Lowry assay using bovine serum albumin as a standard. The oligomeric state
of NwCld in solution was determined with analytical size exclusion chromatog-
raphy using a Superdex 75 10/300 (GE Healthcare) column equilibrated with 100
mM Tris buffer at pH 8.5 and 200 mM NaCl. All molecular graphics figures were
prepared using PyMOL. Signal peptides for protein translocation via the Sec and
Tat pathways were detected by using the SignalP (4), PrediSi (www.predisi.de),
and TatP (5) online tools.

Protein structure accession number. The structure for NwCld has been de-
posited at the RCSB Protein Data Bank (accession no. 3QPI).

RESULTS AND DISCUSSION

The heterologous overexpression of NwCld in E. coli and
subsequent purification yielded sufficient amounts of pure pro-
tein for successful crystallization, structure analysis, and kinetic
characterization. The structure of NwCld was determined to a
resolution of 2.1 A. The protein crystallizes in the P4, space
group with the following unit cell dimensions: a = b = 102.62
A; ¢ = 49.12 A. The structural analysis revealed several inter-
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FIG. 2. Maximum-likelihood phylogenetic tree based on the amino acid sequences of selected Clds and Cld-like proteins. Names printed in
boldface represent proteins with known crystal structures. Validated and catalytically efficient Clds are marked with an asterisk. The proposed
phylogenetic lineages I (canonical Clds, mainly from PCRB) and II (NwCld and related proteins) are delimited by curly brackets. Black circles on
tree nodes symbolize high-parsimony bootstrap support (=90%) based on 100 iterations. Accession numbers are indicated for all sequences.

esting differences at the tertiary and quaternary structure levels
from previously determined structures of Clds and Cld-like
proteins. Most remarkably, NwCld was found to be a ho-
modimer. This is consistent with analytical size exclusion chro-
matography, where NwCld eluted in a single peak with an
apparent molecular mass of 43 kDa, which corresponds to an
NwCld dimer (see Fig. S1 in the supplemental material). In
contrast to NwCld, all canonical Clds and all Cld-like proteins
whose structures have been determined are homopentamers or
homohexamers, respectively (11, 12, 16, 22).

Subunit structure of NwCld and its impact on oligomeric
state. The NwCld primary sequence is about 30% shorter than
those of the canonical Clds, with a significant deletion in the
N-terminal region. These unique structural properties of
NwCld are also reflected by phylogenetic analysis, which re-
vealed that NwCld does not cluster with any other structurally
characterized member of the Cld-like protein superfamily (Fig.
2). Due to weak electron density, we could not model residues
41 to 47 in subunit A and residues 41 to 48 in subunit B,

suggesting that these regions are flexible and were disordered
in the crystal lattice (Fig. 3a).

Superposing NwCld and all other available structures of
Clds and Cld-like proteins revealed a high structural similarity
at the subunit level, with a root mean square deviation
(RMSD) of 1.40 A over 119 superposed Ca atoms, although
the amino acid sequence identities between NwCld and these
proteins are as low as 13 to 27%. Consistent with the phylogeny
of Cld and Cld-like proteins (Fig. 2), NwCld is structurally
most similar to DaCld from D. aromatica (structure 3QO08,
RMSD of 1.30 A; structure 3Q09, RMSD of 1.30 A, both over
144 Ca atoms) and to NdCld (RMSD of 1.68 A over 146 Ca
atoms) and least similar to TaCld from T. acidophilum (RMSD
of 1.78 A over 128 Ca atoms).

All previously determined subunit structures of Clds and
Cld-like proteins (11, 12, 16, 22) consist of two similar domains
with a ferredoxin-like fold. Both domains are characterized by
a four-stranded antiparallel B-sheet flanked by six a-helices.
The two B-sheets from each domain pack together at an angle



2412 MLYNEK ET AL.

a

J. BACTERIOL.

FIG. 3. NwCld subunit and structural comparison with canonical NdCld. (a) Ribbon representation of one NwCld subunit. The N-terminal
domain is shown in red, whereas the C-terminal domain is shown in cyan. The N and C termini are labeled, and the heme b is presented as orange
sticks, with iron shown as an orange sphere. The labeling of secondary structure elements follows the labeling used for NdCld as shown in panel
b. (b) Ribbon representation of one subunit of NdCld from “Ca. Nitrospira defluvii.” Secondary structure elements are labeled according to the
method of Kostan et al. (22). Heme group and iron are presented as in panel a. (c) A subunit of NdCld (shown in green and gray) superimposed
on a subunit of NwCld (shown in red and cyan). The orientation of the subunits is the same as in panels a and b. Structural elements missing in
the subunit structure of NwCld compared to the NdCld subunit structure are depicted in gray.

of about 65°, forming a central flattened B-barrel surrounded
on both sides by a-helices (Fig. 3b). NwCld, however, lacks the
major part of the N-terminal domain (Fig. 3a and c). In par-
ticular, all N-terminal a-helices are missing, and only the
B-sheet has been conserved. Furthermore, this B-sheet is also
different: the B2 strand, which in canonical Clds interacts with
the B3 strand, is no longer part of the first B-sheet but rather
forms the fifth strand of the second B-sheet interacting with the
B4’ strand of the C-terminal ferredoxin-like domain (Fig. 3a).
Therefore, the central B-barrel no longer consists of two sim-
ilar four-stranded B-sheets but of one three-stranded and one
five-stranded B-sheet. The C-terminal domain is structurally
highly similar to the C-terminal domains of previously de-
scribed Clds (Fig. 3b), although it lacks the last a-helix a6’ that
is present in the canonical Clds (Fig. 3a and c).

Subunit interface: molecular determinants of NwCld dimeriza-
tion. Until now, all structurally characterized Clds and Cld-like
proteins are pentamers (12, 16, 22) or, in the case of the Cld
from A. oryzae, a hexamer (11). The interface between the
subunits in all these structures is very similar. The N- and
C-terminal domains of each subunit interact with the corre-
sponding halves of the neighboring subunit. The interface con-
sists mainly of residues from the N-terminal helix a4 and
strand B4, which interact with residues in the loop between
strands B2 and B3 from the N-terminal domain of the neigh-
boring subunit. The second half of the interface consists of the
corresponding parts of the C-terminal domain. In contrast,
NwCld is a dimer (Fig. 4a), and the interface between mono-
mers is entirely different from that observed in the pentameric
or hexameric Clds (Fig. 4b). First, the NwCld subunit lacks all
helices in the N-terminal domain, whereas the loop between
strands B2 and B3 is much longer and adopts a completely
different conformation. The B2 strand is now part of the sec-

ond B-sheet interacting with B4’, and therefore NwCld lacks
half of the interacting surface, which would be needed for
pentamerization. Second, the B2 strand in this position along
strand B4’ would block the interaction between the C-terminal
domains. Instead, the dimer interface of NwCld is formed by
residues from the loop between B4 and al’ from one subunit
which interacts with the loop between helix a2’ and helix a3’
plus the loop between strand 2" and strand B3’ (Fig. 4c). The
surface buried in this interface is 980 A2, representing 11% of
the total subunit surface. For comparison, the surface buried
between two subunits in the pentameric NdCId is 1,400 Az,
corresponding to 11.5% of the subunit surface (22).

The interactions involved in NwCld dimer formation are
mainly of electrostatic and to a lesser extent hydrophobic na-
ture. Namely, only about 17% of the area buried in the inter-
face involves hydrophobic amino acids, while the PISA server
(23) identified 16 interdomain hydrogen bonds and four salt
bridges. One salt bridge is formed between Arg60, located in
the loop between B4 and «l’, and Asp134, found in the loop
between strand B2’ and strand B3’. A second bridge connects
Argb64, located in the beginning of helix a1’, to Glu103, found
in the beginning of helix a3’. These two pairs of salt bridges are
repeated two times due to the symmetric dimer interface (Fig.
4c). In order to address the importance of salt bridges for
dimer stability, we incubated purified NwCld in the presence of
increasing salt concentrations (0.1 to 2 M NaCl) and subse-
quently subjected it to analytical SEC (for details, see Materi-
als and Methods). Interestingly, in none of the tested condi-
tions was NwCld observed in an elution peak corresponding to
a monomer (Fig. S1), indicating that the NwCld dimer is stable
at high ionic strengths and that the overall stability of the
dimer is due to the constructive interplay of both hydrophobic
and polar interactions. The residues involved in these salt
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FIG. 4. NwCld dimer structure and interface. (a) Ribbon representa-
tion of the NwCld dimer viewed perpendicular to the vertical 2-fold
symmetry axis. Subunits are shown in different colors. The heme group is
shown as an orange stick model in either subunit. The iron is displayed as
an orange sphere. The N and C termini are labeled. Parts of the structure
between Ser40 and Thr48 in one subunit and Ser40 and Pro49 in the other
subunit could not be modeled in the structure due to weak electron
density in these regions. (b) Superposition of an NwCld dimer with an
NdCld pentamer (shown in gray), with one subunit of NwCld (cyan)
spatially aligned to one NdCld monomer. Note the different location of
the second NwCld subunit (yellow) compared to those of the subunits
of NdCld, illustrating differences in the interfaces between the subunits of
dimeric and pentameric Clds. To more easily follow the packing of sub-
units in the NdCld pentamer, one of its subunits is depicted in dark gray.
(c) Detailed view of the NwCld dimer interface. Residues involved in
interactions between the two subunits of the NwCld holoenzyme are
shown in pale green. Side chains of amino acids involved in the formation
of salt bridges are shown as sticks, with carbon, oxygen, and nitrogen
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FIG. 5. Active site of NwCld. The illustration shows selected resi-
dues involved in heme b binding and in the catalytic mechanism of
chlorite dismutation. Carbon, oxygen, and nitrogen atoms are depicted
in green, red, and blue, respectively. The heme iron and water mole-
cules (W) are shown as orange spheres. The hydrogen bonding net-
work spanning from Argl27 to Glul67 is visualized by dashed lines.

bridges (Arg60-Asp134 and Arg64-Glul03) are conserved in
most Clds of lineage II (see Fig. S5 in the supplemental ma-
terial), indicating that these proteins could form a dimer with
an interface similar to that of NwCld. In addition, Arg60 in-
teracts with the heme b via a hydrogen bond between its back-
bone amide hydrogen and a propionate group of the heme
b (Fig. 4c). Thus, Arg60 is a direct link of interactions from
the heme to the dimer interface, which might indicate that
formation of the NwCld dimer influences the binding of the
heme. This is in contrast to the canonical (lineage I) Clds,
which lack any obvious link between the subunit interface
and heme binding. The interface of the pentameric NdCld
has a similar number of interdomain hydrogen bonds and
salt bridges, but a larger part of the surface has a hydropho-
bic character (about 30%).

Active site structure of NwCld. Similar to other known Cld
structures, the active site of NwCld with the bound heme b is
located in the C-terminal domain of the molecule, in a cavity
formed between the second B-sheet (31’ to B4’) and helices
«2', a3', and a4’ (Fig. 3a). Most residues within 4 A from
heme b have a hydrophobic nature and interact with the pros-
thetic group via van der Waals contacts. Furthermore, several
residues are involved in specific interactions that are important
for heme binding and enzyme function. On the proximal side
of the heme b, His114 from the a3’ helix coordinates the heme
iron at a distance of 2.16 A (Fig. 5) and forms a hydrogen bond
with Glul67. The latter residue is hydrogen bonded to Lys92,
which is also within hydrogen bonding distance of one propi-
onate group of the heme b (Fig. 5). This intricate hydrogen
bonding network increases the imidazolate character of the
proximal histidine residue, thereby shifting the reduction po-
tential of the heme iron to more negative values. This might be
important for the stabilization of the higher heme oxidation

atoms depicted in gray, red, and blue, respectively. Hemes are pre-
sented as orange stick models, with heme irons shown as orange
spheres. Interactions of heme propionate with the protein backbone
are visualized by red dashes.
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state(s) involved in chlorite dismutation (28) (Fig. 1). The
second propionate of heme b is hydrogen bonded to the back-
bone of two residues located in the loop between B4 and al’:
Arg60 and Tyr61, of which Arg60 is also important for the
stability of the dimer interface (Fig. 4c). On the proximal heme
side at a distance of 3.8 A from one of the propionate groups,
there is a pair of tryptophan residues (Trp96 and Trp97) whose
aromatic ring systems are oriented perpendicularly to each
other (Fig. 5). Trp96 may play a role in the catalytic mecha-
nism, acting as the electron donor for the reduction of com-
pound I to compound II (28) (Fig. 1). The second tryptophan
(Trp97) contributes together with Lys92, Met99, Argl104, and
Ile107 to the stabilization of the Trp96 side chain orientation
that is suitable for interaction with the heme b propionate
group. In addition, Trp97 influences the electronic structure of
Trp96 through interaction of its partially negative w-electron
cloud and the partially positive dipole of the indole ring of
Trp96. At the inner part of the active site cavity, the two vinyl
groups of the heme ligand interact with Ile88 and Leul22,
respectively. These two amino acid residues define the depth of
the ligand cavity and thus determine size and type of the ligand
that can be accommodated here (Fig. 5).

At the distal side, the heme iron is coordinated by a water
molecule (Wat108) at a distance of 2.9 A. This water molecule
is linked via a hydrogen bonding network to a second water
molecule (Wat95) and Argl27 (Fig. 5). The Argl27 side chain,
which points away from the heme, is further stabilized by
hydrogen bonds to four additional water molecules (Watl,
Wat80, Wat174, and Wat193) and to the side chain of GIn74
(see Fig. S2a in the supplemental material). In our previous
study on NdCld, an arginine residue at this position was ex-
perimentally shown to be important for catalytic activity, most
likely by regulating substrate uptake and by stabilizing a reac-
tion intermediate (22) (Fig. 1). Consistent with its functional
importance, this arginine residue occurs in all catalytically ef-
ficient Clds (see below), and its side chain conformation is
stabilized by a similar pattern of interactions in these enzymes.
In NwCld, this involves the two water molecules Watl and
Wat193. In the NdCId structure, these water molecules are
replaced by a molecule of ethylene glycol (originating with the
cryosolution) with its oxygen atoms in the position of the wa-
ters. In addition, while Argl27 of NwCld interacts with the side
chain of GIn74, Arg173 of NdCld forms two hydrogen bonds to
the backbone (see Fig. S2b).

The water molecule Wat108, which in NwCld coordinates
the iron atom, is replaced by one of the nitrogen atoms of
imidazole in the structure of NdCId. The same is true for the
structures of AoCld (see Fig. S2c in the supplemental material)
and DaCld, which were determined in complex with thiocya-
nate and nitrite, respectively: both of these inhibitors replace
Watl108. In these two structures, the arginine side chain is no
longer stabilized by hydrogen bonds to the glutamine side
chain or to the backbone (as in NdCld) but is found in an
orientation closer to the iron, with one of its nitrogen atoms
replacing Wat95 (see Fig. S2c).

Similar to all Clds and Cld-like proteins whose structures are
known, NwCld has a positive electrostatic potential on the
surface around the entrance to the active site (see Fig. S3 in the
supplemental material). For chlorite dismutases, this is clearly
important for attracting the anionic substrate chlorite. In the
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case of the Cld-like proteins, this indicates that their substrate,
if it is not chlorite, might also be negatively charged.

Heme analysis and UV-Vis spectral characterization. Ab-
sorption spectra of reduced pyridine hemochromes of NwCld
showed maxima at 418 nm (Soret), 526 nm (B), and 557 (a),
typical for protoporphyrin IX (heme b) (37), as was seen in
other so far characterized Clds (11, 22). The heme content was
determined to be 0.58 heme b per NwCld subunit (with the
Reinheitszahl 4,,/A,4, equal to 1.9). This ratio is lower than
expected, since the crystal structure is fully loaded with heme.
Incomplete heme occupancy in recombinant proteins has been
reported for other Clds (34) and might be related to bottle-
necks in heme supply by the host due to high protein overex-
pression and/or suboptimal cultivation conditions. Native
NwCld showed a Soret maximum at 411 nm, which shifted to
435 nm upon reduction by dithionite (data not shown). Similar
Soret maxima of ferric and ferrous proteins have been re-
ported for other Clds (33, 41, 46).

Steady-state kinetics of NwCld. The stoichiometry of the Cld
reaction has been reported to be 1 mol ClI™ and 1 mol O, out
of 1 mol CIO,- (28). Figure 6a depicts the plot of the initial
rate of O, release by NwCld versus chlorite concentration. It
demonstrates saturation in the initial rate (v,) with increasing
chlorite concentrations followed by a decrease in v, at very
high chlorite concentrations (>100 mM), which indicates un-
competitive substrate inhibition. At these high concentrations,
where the inhibitory effect predominates, an inhibition con-
stant (K; = 310 mM) could be determined from the Dixon plot
depicted in Fig. 6e. Inactivation of NwCld by chlorite was
evident with inspection of the individual time traces and the
total amount of released dioxygen at a defined [ClO, ]. Only
at low chlorite concentrations (<50 wM) was the substrate
completely consumed, whereas at higher concentrations resid-
ual substrate remained due to inactivation of the enzyme in the
course of the reaction (Fig. 6b). At [ClIO, ] of >1 mM, less
than 10% of chlorite was converted to CI™ and O,. Thus, in
order to minimize interference with inhibition kinetics, Mi-
chaelis-Menten parameters were calculated from a set of chlo-
rite concentrations with [ClO, | of =1 mM, which probably
reflect physiological conditions better than higher concentra-
tions (for better clarity, see also the semilogarithmic plot in
Fig. 6¢). Michaelis-Menten parameters were determined from
the double-reciprocal plot (Fig. 6d and Table 2). The obtained
values resemble the kinetic parameters of the canonical Clds of
PCRB and “Ca. Nitrospira defluvii” (Table 2). For compari-
son, the kinetic parameters of the Cld-like protein TtCld from
T. thermophilus indicate a much weaker chlorite-dismutating
activity (Table 2). The temperature and pH optima of the
chlorite-dismutating activity of NwCld (20°C and 5.5; see Fig.
S4 in the supplemental material) are slightly lower than the
respective optima of other Clds (Table 2). Thus, despite the
pronounced structural differences from the canonical Clds
(Fig. 3 and 4), NwCld is an efficient chlorite dismutase. This
result is consistent with the phylogenetic analysis. The distinct
and well-supported lineage that contains NwCld shares a com-
mon ancestor with another lineage containing all known and
highly efficient canonical Clds to the exclusion of all other
Cld-like proteins (Fig. 2). Here we refer to the canonical Clds
as “lineage I,” whereas the cluster formed by NwCld and sim-
ilar proteins is designated “lineage I11” (Fig. 2). The monophyly
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FIG. 6. Kinetics of chlorite dismutation activity by NwCld. (a) Plot of
the initial rate (v,) of molecular oxygen evolution as a function of chlorite
concentration. Points represent averages of three measurements. Applied
conditions were as follows: 50 mM phosphate buffer (pH 7.0), 20 nM
NwCld, 30°C. (b) Selected time traces at different chlorite concentrations.
Conditions were as for panel a. (c) Semilogarithmic plot of the data in
panel a. Double-rectangular hyperbolar fits are shown in gray. (d) Double
reciprocal plot of v, versus chlorite concentration for the determination of
kinetic parameters. (e) Dixon plot for the determination of K.

of lineages I and II indicates that these groups share steps of
their evolutionary history, which most likely were key to the
development of efficient chlorite-dismutating enzymes and
separated these lineages from the other Cld-like proteins.
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Since the small size of NwCld and the other lineage II proteins
is an exception within the Cld-like protein superfamily (see
Fig. S5), it probably does not represent the ancestral state but
was rather caused by a partial loss of the N-terminal domain
during the evolution of lineage II.

Signature residues of catalytically efficient Clds. The cur-
rently available structures and kinetic data for Clds and Cld-
like proteins allowed us to identify potential signature amino
acid residues that could define a catalytically efficient Cld.
Some of the aforementioned residues in the vicinity of the
active site of NwCld (Lys92, Trp96, and His114; NwCld num-
bering) are strictly conserved in all Clds and Cld-like proteins
(see Fig. S5 in the supplemental material). However, the five
residues I1e88, Trp97, Leul22, Argl27, and Glul67 are con-
served only in NwCld, the canonical Clds (including NdCId),
and in sequences that are closely related to these reference
proteins (see Fig. SS5). As outlined above, these residues are
proposed to stabilize the heme cofactor or to play roles in the
catalytic mechanism of ClId. For Argl127, an important function
in substrate positioning and activation during chlorite degra-
dation has been experimentally demonstrated (22) (Fig. 1). All
Cld-like proteins whose structure has been determined and
found to be without heme or which have been tested for Cld
activity but found to be inactive (TtCld, GsCld, and TaCld)
have different residues at these key positions (see Fig. S5). In
these proteins Argl27 is replaced by a polar residue (glutamine
or serine), while Glul67, which stabilizes the proximal His114
and connects it via a network of hydrogen bonds to Lys92 (see
above), is replaced by a small hydrophobic residue (alanine or
valine) that cannot form a similar interaction network. At the
position corresponding to I1e88, these Cld-like proteins have a
tyrosine residue. In silico replacement of I1e88 with tyrosine
leads to a steric clash between the tyrosine side chain and the
vinyl group of the heme moiety. Similarly, the second vinyl
group in NwCld interacts with Leu122, while the Cld-like pro-
tein structures without heme (GsCld, TaCld, and TtCld) have
an alanine, a proline, or a glutamine in the corresponding
position, leading to less-favorable interactions with a putative
heme b. Moreover, in these Cld-like proteins, the loop between
strand 34 and helix a1, whose backbone interacts with a heme
propionate group in NwCld (see above), is in a different posi-
tion (not shown). These subtle differences suggest that if these
Cld-like proteins bind heme b, they might bind it more weakly
and in a slightly different orientation than in the canonical Clds
and NwCld. Assuming these proteins still bind heme, it would

TABLE 2. Kinetic parameters, temperature, and pH optima of validated chlorite dismutases®

Value for enzyme

Parameter
NwCld NdCld AoCld 1dCld DaCld PcCld TtCld
K, (pbM) 90 58 170 260 220 80 13,000
keae (571 190 35 1,200 1,800 1,880 230 0.77
keal K (M™1s71) 2.1 % 10° 6.0 X 10° 7.1 X 10° 6.9 X 10° 35.4 x 10° 2.7 X 10° 59
Temp optimum (°C) 20 25 30 ND? ND 25 ND
pH optimum 55 6 ND ND 6 ND

“ From N. winogradskyi (NwCld; this study), “Ca. Nitrospira defluvii” (NdCId) (22), A. oryzae (AoCld) (46), Ideonella dechloratans (1dC1d) (41), D. aromatica (DaCld)
(42), and Pseudomonas chloritidismutans (PcCld) (34). Values for the Cld-like protein of 7. thermophilus (TtCld) (12) are included for comparison.

2 ND, not determined.
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be expected that their Cld activity is low due to the differences
in the key residues discussed above.

Given the high diversity of Cld-like proteins (Fig. 2) (33) and
the relatively low degree of raw sequence conservation in this
superfamily, the aforementioned five signature residues are
valuable indicators for a tentative functional classification of
novel Cld-like sequences. For example, the presence of these
signatures indicates that not only NwCld but also all known
lineage II proteins from other bacteria (Fig. 2; see Fig. S5 in
the supplemental material) could be efficient Clds. Interest-
ingly, this group includes other nitrite oxidizers (Nitrobacter
strain Nb-311A and Nitrococcus mobilis) and important patho-
gens of humans (Klebsiella pneumoniae and Pseudomonas
aeruginosa) (Fig. 2). However, future experimental work is
needed to validate the activity of additional lineage II Clds and
to verify the proposed functional importance of all conserved
signature residues (22).

Physiological function of NwCld and related proteins. The
observed high chlorite-dismutating activity of NwCld raises the
question of which physiological function this enzyme has in
Nitrobacter. The key enzyme for nitrite oxidation in Nitrobacter,
nitrite oxidoreductase (Nxr) (43), is highly similar to the mem-
brane-bound dissimilatory nitrate reductase (Nar) of E. coli
and many other bacteria (21). Chlorate is transformed to chlo-
rite by Nar due to the structural similarity between chlorate
and nitrate (see Logan et al. [30] and references cited therein).
Consistent with the similarity of Nxr to Nar, Nitrobacter wino-
gradskyi and an environmental Nitrobacter isolate indeed are
able to reduce chlorate and even can oxidize nitrite using
chlorate instead of O, as an electron acceptor during anoxic
incubations (18, 29). An active NwCld should offer Nitrobacter
protection from the chlorite produced under these conditions,
but in a previous study, chlorate-driven nitrite oxidation by
Nitrobacter diminished after a few hours, most likely due to
inhibition by chlorite (29). However, this inhibition was ob-
served after incubation of Nitrobacter in nitrite media contain-
ing relatively high chlorate concentrations (4.2 to 17 mM [29]
or 10 mM [18]), which presumably led to the production of
large amounts of chlorite. The same studies found that Nitro-
bacter was strongly inhibited by externally added chlorite above
1 mM, but inhibition was only weak with 0.3 mM (29) or less
than 0.1 mM (18). In this context, it is noteworthy that toxic
effects of chlorite on other bacteria have been observed at
much lower concentrations of 0.01 to 0.02 mM (47). Based on
these observations, Nitrobacter indeed has a limited chlorite
resistance, which could enable it to persist and even oxidize
nitrite in the presence of low concentrations of chlorate. How-
ever, this poses the next question of how chlorate or chlorite
can get in contact with the active sites of Nxr or Cld, respec-
tively. Nxr of Nitrobacter is attached to the cytoplasmic mem-
brane, with its active site located on the cytoplasmic side of the
membrane (38). Chlorate readily crosses the outer membrane
of Gram-negative bacteria (25), but experiments using E. coli
or Paracoccus denitrificans showed that without addition of
detergents, the cytoplasmic membrane is a strong diffusion
barrier for chlorate and that chlorate is not actively trans-
ported into the cells either (19, 25). Other studies, however,
have indicated that passive diffusion of chlorate over the native
cytoplasmic membrane of P. denitrificans occurs to a limited
extent (26, 27). Assuming that the chlorate was reduced by Nxr
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(and not by an unidentified periplasmic enzyme), it must have
entered Nitrobacter cells by either passive diffusion or active trans-
port in the aforementioned experiments, which used intact Nitro-
bacter cells without adding detergents to the cultivation media.
Since membrane permeability for chlorite is even lower than that
for chlorate (26), any chlorite produced by Nxr would be en-
trapped in the cytoplasm and could be degraded only by cytoplas-
mic Cld. In silico analyses suggested that NwCld does not contain
a signal peptide for protein translocation into the periplasm and
that the cleaving of a signal peptide at the N terminus would
severely disturb the structure of the N-terminal domain (data not
shown). Thus, for NwCld we predict a cytoplasmic localization,
which is compatible with the detoxification of chlorite resulting
from chlorate reduction by Nxr. Interestingly, the localizations of
Nxr and chlorite dismutases are also consistent in other NOB
since they are always predicted to be located on the same side of
the cytoplasmic membrane. In detail, Nitrococcus, which also has
a cytoplasmically oriented Nxr (38), possesses a lineage II Cld that
is predicted to be cytoplasmic (Fig. 2). In contrast, Nxr of “Ca.
Nitrospira defluvii” faces the periplasmic side of the plasma mem-
brane (31), and the lineage I Cld of this organism (NdCld) con-
tains an N-terminal signal peptide for translocation into the
periplasmic space via the Sec pathway (33). Thus, the chlorite
dismutases of all analyzed nitrite oxidizers could be involved in
chlorite protection. At present, however, we cannot exclude other
and yet-undiscovered biological functions of these enzymes
in NOB.

The lineage I Cld-like proteins of the other organisms (Fig.
2) are also predicted to be cytoplasmic based on in silico anal-
yses (data not shown). In contrast to Nitrobacter, none of these
bacteria is known to reduce chlorate. Therefore, we assume
that their lineage II Cld-like enzymes have yet-unrecognized in
vivo functions other than chlorite dismutation.

Two additional observations exemplify the need for further
research on lineage II Clds. First, one lineage II c/d gene was
found on a highly promiscuous broad-host-range plasmid,
pAKD4 (36) (Fig. 2). The presence of this gene on a mobile
genetic element indicates that lineage II cld genes are subject
to horizontal transfer and may be widespread among environ-
mental bacteria. Existing PCR primers, which target the ca-
nonical lineage I cld genes (3, 33) and were used to detect
these genes in the environment (3) and in pure cultures (6),
have numerous base mismatches to all lineage II genes (data
not shown). Thus, the environmental distribution of lineage II
cld genes, for example at (per)chlorate-contaminated sites, is
unknown at present. Second, the genome of the poplar tree
Populus trichocarpa encodes a lineage II Cld-like protein
(GenBank accession no. EEE70332), which is the only known
Cld in the eukaryotic domain. Experiments using sterile plants
and tissue cultures revealed perchlorate reduction by poplar to
chlorate and chlorite and also the transformation to ClI™ (45).
It is thus very likely that the lineage II Cld-like protein of
poplar, which contains all the above-described signature amino
acids of functional chlorite dismutases, is involved in this ac-
tivity, although this function remains to be experimentally ver-
ified.

Conclusions. Recent progress in genome and metagenome
sequencing has enormously increased the size and phyloge-
netic complexity of many groups of homologous proteins, in-
cluding the Cld-like protein superfamily (33). However, for
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many of these groups it remains unclear whether all affiliated
proteins share a specific function or whether modified func-
tions occur in different species or evolutionary lineages. Tack-
ling this question is often extremely difficult, in particular be-
cause most microorganisms cannot be grown under laboratory
conditions and/or no genetic tools are available for their ma-
nipulation. For the Cld-like protein superfamily, only the ca-
nonical Clds of lineage I had been assigned a biological func-
tion in PCRB, whereas the substrates and activities of the
numerous other Cld-like enzymes remained an enigma. In this
study, by combining heterologous expression with structural
and biochemical analyses, we have identified the N. winograd-
skyi Cld-like protein representing another lineage from this
superfamily as a novel and structurally distinct chlorite dismu-
tase. This result is interesting from a biochemical perspective
and may also have implications for our understanding of the
microbiology of (per)chlorate and chlorite bioremediation.
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